Typical purple bacterial photosynthetic units consist of light harvesting one/reaction centre 'core' complexes surrounded by light harvesting two complexes. Factors such as the number and size of photosynthetic units per cell, as well as the type of light harvesting two complex that is produced, are controlled by environmental factors. In this paper, the change in the type of LH2 present in the Rhodopsuedomonas acidophila strain 7050 is described when cells are grown at a range of different light intensities. This species contains multiple pucBA genes that encode the apoproteins that form light-harvesting complex two, and a more complex mixture of spectroscopic forms of this complex has been found than was previously thought to be the case. Femtosecond time resolved absorption has been used to investigate how the energy transfer properties in the membranes of high-light and low-light adapted cells change as the composition of the LH2 complexes varies.
Introduction
The primary reactions of purple bacterial photosynthesis involve light harvesting (LH) complexes and reaction centres (RC) that are located in intracytoplasmic membranes (ICM). 1 Light energy absorbed by the light harvesting system is transferred to the RCs where it is trapped by a series of transmembrane electron transfer reactions. The cell's capacity for LH is exible and can be adjusted in response to environmental factors, such as the incident light intensity. 2, 3 Under low light (LL) conditions there is an extensive system of ICM in the cell, whereas under high light (HL) conditions the amount of ICM is a lot less. Typically, there are two types of LH complexes present, called LH1 and LH2. The LH1 complexes surround the RC to form the so called 'core' complex, with the LH2 complexes arranged more peripherally around the core complexes. [4] [5] [6] The incident light intensity also regulates the ratio of the LH2 complexes to core complexes; this ratio is higher under low intensity illumination. These adaptations allow the purple bacteria to optimise their LH apparatus in response to changing environmental conditions.
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The LH1 complex has a single major bacteriochlorophyll a (Bchl a) Q y absorption band in the near infra-red (NIR) region at 884 nm, whereas LH2 has two major Bchl a Q y absorption bands around 800 and 850 nm. Chemically it is the same Bchl a molecules that give rise to these absorption bands, with the different positions being due to specic pigment-pigment and pigment-protein interactions within the various LH complexes. 8, 9 Importantly, these wavelength differences establish an energy gradient to ensure that the energy from the harvested photons is directed downhill from LH2 to LH1 and then on to the RC. 10 In purple bacteria, changes in the amount and composition of the LH system, in response to environmental stimuli, serve to enhance their ability to harvest sufficient solar energy to allow photosynthetic growth under the changing conditions experienced in different ecological niches. Some species, however, exhibit an additional response to growth at different light intensities. Within the genome, these species contain a multigene family of pucBA genes that encode the alpha and beta apoproteins that form LH2 complexes. 11 The expression of different pucBA genes results in LH2 complexes that exhibit markedly different absorption spectra in the NIR spectral range.
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Rhodopseudomonas (Rps.) acidophila has a form of LH2 that has its main Bchl a Q y bands at 800 and 850 nm when the cells are grown under HL conditions, and this switches to a form that has its Bchl a Q y bands at 800 and 820 nm under LL conditions. The question then arises as to what extra benets this ability gives species such as Rps. acidophila at LL intensities? A start towards answering this question forms the major focus of this paper. Previously the energy transfer properties of the isolated B800-820 and B800-850 LH2 complexes have been investigated using ultrafast laser ash photolysis. [18] [19] [20] The time constant for 800 to 820 nm excitation energy transfer (EET) is $0.75 ps at room temperature (RT) and 0.9 ps at 77 K. This compares with 0.8 ps at RT and 1.3 ps at 77 K for 800-to-850 nm energy transfer, i.e., the EET rates for both these types of LH2 are rather similar. The rates of energy transfer from both these types of LH2 to LH1 in photosynthetic membranes are also rather similar; B820 to LH1 is just a bit slower than B850 to LH1. However, when one considers that in the absence of LH1 the lifetime of the excited singlet state of both B850 and B820 is about 1 ns, the small differences in the LH2 to LH1 EET rates do not signicantly change the overall high efficiency of this energy transfer step. Therefore, the question is worth repeating; what does the organism gain by this change in the type of LH2 upon going from growth at high to low light intensities?
A partial answer has been suggested from experiments on membranes using high intensity laser ashes that induce exciton annihilation. 21 This process requires singlet-singlet fusion. Two excited singlet states must be able to migrate, 'collide' and then de-excite with the excess energy released as heat. This approach has been used to measure the size of the domain in which the excited singlet states can move around in and 'nd' each other to annihilate. 22 The presence of B800-820 complexes in the LL membranes conned the excited singlet states into smaller domains around the LH1 core complexes compared with HL grown membranes containing B800-850 complexes. 21 It was, therefore, suggested that the presence of B800-820 complexes slowed down the back reaction from LH1 to LH2 compared to when B800-850 was present. It was assumed that this could then give more time for the trapping of the excited state by the RC, which is more important under light limiting conditions. Previously, we investigated how the light harvesting systems in three strains of Rps. acidophila (10050, 7750 and 7050) adapt to growth at different light intensities. 23, 24 These studies were mainly carried out in order to learn how to grow these strains under dened, standardised conditions, where the type of LH2 complex made is consistent.
It has been known for some time that the genome of Rps. acidophila contains a large multi-gene family of the pucBA genes. 25 Recently, however, the genome of Rps. acidophila 10050 was sequenced which revealed that in this strain there are twelve copies of the pucBA genes. 26 This suggests that a full and complete understanding of LH2 complexes and their role is much more complicated than imagined. As the technology underpinning laser ash photolysis has signicantly improved, compared to that used in our previous study in 1991, 21 it was decided to reinvestigate how this species of purple bacteria adapts to growth at different light intensities and the possible benets that these adaptations confer.
Results and discussion Fig. 1 shows the absorption spectra of the isolated, puried core and LH2 complexes from the purple bacterium Rps. acidophila. Fig. 2 illustrates some examples of the variety of spectra that these different forms of LH2 can exhibit. Fig. 1 Normalised absorption spectra of the LH2 (orange) and LH1-RC 'core' (brown) complexes from Rps. acidophila 7050. This high light intensity LH2 complex exhibits two peaks in the NIR region at 800 and 850 nm. The LH1 complex exhibits a single NIR peak at 884 nm. Fig. 3 shows how the absorption spectrum of the photosynthetic membranes from Rps. acidophila strain 7050 changes depending upon the incident light intensity at which the cells were grown.
The light intensity was varied by growing the cells at different distances from an incandescent bulb. This strategy ensures that the spectral composition of the incident light does not vary as these bacteria also contain Fig. 2 Selected LH2 complexes to illustrate the spectral variability in the NIR region. The archetypal Rps. acidophila 10050 LH2 (orange) complex exhibits the B850 maximum at 858 nm. 13 The octameric Phaeospirillum molischianum LH2 (olive) complex exhibits the B850 maximum at 846 nm.
14 The B850 maximum of the Allochromatium vinosum LH2 (turquoise) complex is at 845 nm, but this complex additionally contains a split B800 band. 15 The most discernible low-light LH2 complex from Rhodopseudomonas acidophila 7050 (purple), the subject of this paper, exhibits a blue-shifted B850 peak at a maximum of 824 nm. 16 For this reason, the complex is referred to as a B800-820 LH2 complex and the old nomenclature of LH3 is no longer used. The octameric B800-830 LH2 complex from Marichromatium purpuratum (navy blue) exhibits its NIR maximum at 828 nm. 17 The lowlight form of LH2 from Rhodopseudomonas palustris (red) exhibits a much reduced B850 band.
12 All of the LH2 complex spectra shown in this figure were produced by the Cogdell laboratory in Glasgow. bacteriophytochromes. 27 This is important as the purple bacterial light harvesting system is also subject to regulation by the wavelength of the incident radiation as well as its intensity. 28, 29 The top absorption spectrum is from HL adapted cell membranes. It is dominated by peaks at 800 and $850 nm that embody the typical HL form of LH2. There is a clear shoulder on the red side of the 850 nm band at about 880 nm that originates from the underlying LH1 complex (Fig. 1) . As the incident light intensity is reduced the 850 nm absorption band gets smaller and appears to blue shi. A new peak at about 820 nm grows in as the light intensity decreases. Initially this is evident as the 'valley' between the 800 and 850 nm bands lling in but then a 820 nm band can be clearly seen at lower light intensities. The changes in the absorption spectrum can also be seen by comparing the relative heights of the 850 nm and 800 nm bands. As the light intensity is lowered the relative height of the 850 nm band strongly reduces. In all cases except at the highest light intensity the population of LH2 complexes present seems to be a mixture of different spectroscopic types. If the situation solely represents a progressive shi of the amount of B800-850 to B800-820 then the normalised difference spectra of the absorption spectra should reveal an isosbestic point somewhere between the 850 and 820 nm bands. A full set of difference spectra, where the absorption spectrum of each lower light intensity sample is subtracted from the HL spectrum, is shown in Fig. 4 . This set of difference spectra show that there is no clear isosbestic point (Fig. 4  inset) , which suggests that the changes in the absorption spectra shown cannot be simply explained by a shi between two well-dened types of LH2. There must be a more complicated mixture of different spectroscopic forms of LH2 present.
To further investigate this nding, membrane samples were fractionated into LH2 and LH1 core complexes by sucrose gradient centrifugation following detergent solubilisation. Two such typical sucrose gradients are shown in Fig. 5A . The LH2 band is the major one about one third down the gradient and the LH1 core complex is the smaller band nearer the bottom of the tube. Two features are very clear. The ratio of the amount of LH2 to core complex present in the two examples shown is quite different. The LL tube has much more LH2 relative to the amount of core complex present. In addition, the colour of the LH2 band changes.
In the HL sample the LH2 band is orange/brown but in the LL tube the LH2 band is purple. This change has been documented before and is due to a change in the major type of carotenoid present. At HL, the major carotenoid in LH2 is rhodopin/rhodopin glucoside whereas at LL the major carotenoid is rhodopinal/ rhodopinal glucoside. 24, 30 Interestingly, rhodopinal is about 50% more efficient as Fig. 4 Difference spectra of the NIR absorption from the Rhodopseudomonas acidophila 7050 membranes presented in Fig. 3 . All absorption spectra were normalised at the Bchl a Q x band, with the high-light membranes given in black. Each subsequent spectrum has been subtracted from this initial absorption spectrum to generate the set of difference spectra. The inset shows the possible isobestic region magnified for clarity. an accessory light harvesting pigment than rhodopin. 31 The colour change of these LH2 complexes is reected in the change in the absorption spectra in the region between 450 and 550 nm where the carotenoids absorb. Other factors such as the carbon source on which the cells are grown also affect the response to growth at different light intensities. 30 Rps. acidophila 7050 cells were grown under identical conditions at the same LL intensity but in one case using succinate as the carbon source and the other in the presence of pyruvate. Growing with pyruvate rather than succinate shis the light intensity response so that the cells have an absorption spectrum that is more like that of succinate cells grown at a higher light intensity.
30 Fig. 6 shows the resultant LH2 band spectra of the sucrose gradients of solubilised ICM isolated from succinate and pyruvate LL grown cells.
A solubilised ICM sample from succinate-grown LL cells was separated on a sucrose gradient and the isolated LH2 band further fractionated by ion exchange chromatography. Fig. 7 shows the absorption spectra of these different fractions that elute as the salt concentration increases. There appears to be a transition between several different forms of LH2 that cannot be simply explained by a mixture of the two previously described B800-850 (ref. 13 ) and B800-820 (ref. 16 ) complexes.
Considering the basic, repeating heterodimeric structure of a LH2 complex, when different pucBA genes contribute polypeptides to form the complete native structure, if these different polypeptides encode different site-energies for the group of strongly coupled Bchl a molecules, then there are a large number of possible spectroscopic outcomes.
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Steady-state absorption of the membranes used in the transient absorption measurements
Steady-state absorption spectra of the HL and LL photosynthetic membranes of Rps. acidophila 7050 used in the transient absorption measurements, taken at room temperature and at 77 K, are shown in Fig. 8 . Low temperature clearly affects the spectra of each membrane sample. At 77 K the absorption spectra gain spectral resolution (the bands sharpen) and reveal additional details not seen in the room temperature spectra. For both HL and LL samples the absorption band at 903 nm becomes clearly recognizable. This peak is associated with the Q y band of the LH1-RC core complex. In addition, for the LL membrane sample the broad absorption band between 820 and 880 nm, unresolved at room temperature, splits into two peaks with maxima at about 826 and 860 nm. The positions of those peaks suggest the presence of a mixture of at least two different spectroscopic forms of LH2. A clearer view of these differences between the two membranes is shown in Fig. 9 in which the 77 K absorption spectra are overlaid. This overlay shows an additional difference between the samples in the spectral shape of the Bchl a Q x bands. The Q x band is blue shied and broader in the case of the LL membrane, which is consistent with the presence of a mixture of types of LH2 complexes, as seen in the fractionation studies described above.
Time-resolved absorption
Detailed information about the photo-physical processes that occur in the membrane aer specic excitation (into the B800 band of the LH2 complexes) can be obtained from time-resolved absorption (TA) studies. Such a set of experiments are depicted in Fig. 10 . For easier interpretation of this data, the TA spectra are accompanied by a mirror image of the respective steady-state absorption (given as a dashed line). Just as seen in the case of the steady-state spectra, at 77 K the TA spectra gain a spectral resolution that cannot be seen at room temperature. The intermediate stages in time spectral evolution now also become visible. Since cryogenic data provide more insight into the photo-physical processes in the membranes, these . The LH2 band was fractionated by ion exchange chromatography, as described in the Experimental section. It should be noted that this figure is representative only of the range of LH2 complexes that elute with increasing NaCl concentration and so comprise the LH2 band that was loaded onto the column. The fractions that elute at higher NaCl concentrations are the most abundant.
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will be described here but conclusions drawn from this can also be extended to the room temperature data. Excitation at 800 nm of the HL membranes leads to the instantaneous bleaching of two bands at 803 and 867 nm (black line). Those correspond to the bleaching of the Q y bands of B800 and B850 Bchls in the wellcharacterised HL LH2 complex. The perfect match of the positions of the B850 band from the steady-state absorption spectrum and the observed bleaching band suggests that this excitonic level is not yet populated, otherwise it would be distorted by stimulated emission that would broaden and red-shi the observed "bleaching" band. Instead, excitation at 800 nm is also partially absorbed by the higher excitonic band of the "B850" exciton manifold that overlaps with the B800 band and which is responsible for efficient B800 / B850 energy transfer.
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Fig. 8 Room temperature and 77 K steady-state absorption spectra of the photosynthetic membranes of Rps. acidophila 7050 cells grown under (A) high-light and (B) low-light intensity conditions. For better comparability, the spectra are normalized to unity at the maximum of the Soret band of Bchl a which should be least affected by low temperature. Population of the higher excitonic level of the B850 exciton will depopulate the ground state, thus resulting in the bleaching of all excitonic bands, which explains this initial fast bleaching in the B850 band. As time evolves bleaching of the B800 band decays and within $1 ps all of the excitation is transferred to the B850 exciton (see the 500 fs and 2.5 ps TA spectra). At this stage the bleaching of the B850 band will also involve stimulated emission (SE) from this excitonic level (stimulation is by the probe light). This is clearly observed as a red-shi of the bleaching-SE band that shows a minimum at 872 nm (vs. 867 nm for the steadystate absorption). As the time delay increases to tens of picoseconds the excited B850 band of LH2 decays and excitation is passed to the LH1-RC core complex. Finally, the TA spectra completely recover back to the ground state in the subnanosecond time domain. For the LL membrane sample, one can clearly observe an additional intermediate spectral component that seems to be simultaneously populated with B800 and which decays within a couple of picoseconds. More details about the dynamics of those processes were obtained by tting the TA data. First, single wavelength tting was carried out on chosen kinetic traces corresponding to the changes seen at the maxima of B800, B850 (HL LH2) and B870 (LH1-RC) (HL membranes) and at 820 and 830 nm for the LL membranes (corresponding to the additional "B850-like" bands seen at LL). The tting was carried out using a simple model based on a sum of exponentially decaying components convoluted by the instrument response function (IRF). In principle, the parameters obtained from the tting show the effective decay lifetimes of the excited states of the pigments of interest (B800, B850, etc.) as well as the interpigment energy transfer rates that should be observed as rise components. This then should reveal any differences in the energy transfer properties between the membranes at both temperatures. These results are shown in Fig. 11 . The rise and decay lifetimes obtained from the tting are listed in Table 1 . The tting at each wavelength gave multiple decay constants, which is completely understandable as various spectral features (ground state bleaching, stimulated emission, excited state absorption) of different molecular species (B800, B850, etc.) can coexist and overlap. From the tting results of the recovery of the B800 band, the most interesting is the set of the fastest decaying lifetimes (dominating components) as those determine how efficiently energy transfer between B800 and 'B850' in LH2 occurs. The results suggest that energy transfer from the B800 Bchls to other molecular species (like 'B850') is enhanced in LL membranes. This is visible as the shortening of the B800* lifetime and this same trend is also noticeable at 77 K. This higher rate of energy transfer may be a consequence of the enhanced spectral overlap with the B830 absorption band of a different spectroscopic form(s) of the LH2 complex that is (are) only present in LL membranes. Note that it was impossible to resolve the rise component of the B830* band, thus suggesting that B800 / B830 energy transfer may be limited by the time resolution ($200 fs) of the spectrometer or may be due to a heterogeneous mixture of LH2 types being present.
The lifetimes associated with the rise components in the tting of the signals associated with the bleaching of the B850 band correspond very well to the observed decay lifetimes of B800*, thus further conrming that efficient B800 / B850 energy transfer is indeed taking place. Subsequently, the majority of the B850* bleaching recovers with lifetimes ranging from 5.8 to 9.7 ps. Those lifetimes are typical for B850 / B870 (LH2 to LH1-RC) energy transfer. 34, 36 Interestingly the rise components that are characteristic of the B800 / B850 energy transfer process also make a minor contribution to the population of signals that would be expected to be associated only with the bleaching of the B870 Bchls from LH1-RC. This is not an indication of any B800 / B870 energy transfer but rather reects the fact that the transient signal associated with the B850* band also, however minimally, contributes to the absorption changes in this spectral range. Regardless of the fact that the steady-state absorption of the B850 band does not extend to such long wavelengths, the TA signal will also contain stimulated emission that overlaps, to some degree, with the B870 band. The TA spectra of the membranes, therefore, may always show some long-lived residual 'B850' bleaching associated with uncoupled LH2 complexes. A further complication arises from the possibility that some of the RCs may be closed during the measurements. This will unavoidably lead to substantial variation in the lifetime of B870*. This phenomena was observed in the present study as multiple kinetic components that are still associated with the same spectral species, B870*. The outcomes from the single wavelength ts were used to undertake some more advanced tting, so-called global analysis that simultaneously ts the whole TA dataset. The results of such an analysis are given in Fig. 12 . Essentially, the effective lifetimes that are now associated with the EADS components are in a good agreement with those from the single wavelength ts. The EADS provide more insight into the temporal evolution of the system as a whole, and allow the identication of the spectral change associated with each specic decay lifetime.
Back energy transfer
An interesting aspect of a whole membrane study is the probability of reversed energy transfer. This will depend on the extent of the spectral overlap of the emission spectrum of LH1 and the absorption spectrum of the longest wavelength band of the LH2 nearest to the excited LH1 complex. Unfortunately, the present experiments are unable to resolve any back transfers. One way to approach this problem would be to excite LH1 specically and then to look for any transfer of excitation energy to the different 'B850' absorption bands in the membranes of cells grown at different light intensities. This type of approach has already been used. 35 However, what is really needed is an experimental protocol that is to be able to image the organisation of the LH complexes in individual membrane patches and which is then able to measure the energy transfer just from those small imaged regions. This approach would be able to avoid averaging over different arrangements of the LH complexes and thus would remove a lot of the current ambiguity. Unfortunately, at present there are no methods available to conduct these types of measurements.
Experimental

Cell growth
Cells of Rps. acidophila strain 7050 were grown anaerobically in C-succinate media in at, glass bottles at 30 C under anaerobic conditions at different light intensities as previously described. 
Spectroscopic methods
The steady state absorption spectra shown in Fig. 1-7 were recorded using a Shimadzu UV-1700 spectrophotometer, with those shown in Fig. 8-9 recorded using a Shimadzu UV-1800 spectrophotometer. The spectroscopic measurements recorded at 77 K were carried out using a VNF-100 liquid nitrogen cryostat from Janis (Janis, USA) in 1 cm PMMA cuvettes. The samples were diluted in 60 : 40 v/v glycerol : buffer (20 mM Tris, 0.1% LDAO, pH 8.0), forming a fully transparent glass at cryogenic temperature. The absorbance of the samples in the Q y region of Bchl a was set to $0.5. The TA experiments were carried out using Helios, a femtosecond time-resolved and pump-probe absorption spectrometer (UltrafastSystems, LCC) coupled to a Spectra-Physics femtosecond laser system, as described in detail previously. 37 The samples were excited at 800 nm. The energy of the excitation beam was set to 50 nJ, corresponding to a photon ux of $3 Â 10 13 photons per cm 2 per pulse (the beam was focused to a $1 mm diameter spot on the sample and the laser repetition was set to 1 kHz), which was low enough to prevent a nonlinear response of the sample and excited singlet-singlet state annihilation.
Data analysis
Group velocity dispersion (temporal chirp) of the TA datasets was corrected using Surface Explorer soware (UltrafastSystems LCC, Sarasota, FL, USA) by building a dispersion correction curve from a set of the initial times of transient signals obtained from single wavelength ts of the representative kinetics. Global analysis of the TA datasets was carried out by applying a sequential irreversible decay path model (A / B / C / D / .). In the sequential model, back-reactions are ignored on the assumption that the energy losses are large enough that the reverse reaction rates are negligible, however this may not be a true in a complex system such as a photosynthetic membrane. The spectral proles obtained from this tting of the TA datasets are termed Evolution Associated Difference Spectra (EADS). According to this model, a transient signal at any time delay and wavelength, DA(t,l), can be decomposed to a superposition of the n th C S i (t) EADS i (l) products 
where C S i (t) are the time-dependent EADS concentrations dened by sequential decay. It should be noted that the complexity and structural inhomogeneity of the photosynthetic membrane precludes that decay of the excitation will occur in a simple sequential fashion. Therefore, the global tting results should not be over-interpreted and assigned to spectroscopic signatures (bleaching of absorption, etc.) of specic pigment-proteins (LH2, LH1, etc.). Moreover, the EADS could also be mixed forms of a few independent spectra due to oversimplication of the tting model. Global analysis was carried out using CarpetView soware (Light Conversion Ltd., Vilnius, Lithuania). The concentration of the initial EADS was convoluted by the instrument response function (IRF) mimicked by a Gaussian with a full width at half maximum (FWHM) of $200 fs (xed tting parameter).
Conclusions
Cells of Rps. acidophila strain 7050 produce more types of LH2 complexes than previously thought, and because these different spectroscopic forms are so similar it is not currently possible to individually isolate and purify them. Indeed with 12 members of the pucBA gene family present in the genome of Rps. acidophila 10050 (ref. 20) , and with a similar number, possibly even more, present in the Rps. acidophila 7050 (ref. 19 ) genome, the actual apoprotein composition of these LH2 complexes could be even more complicated. Different apoprotein combinations might not even give different spectroscopic forms due to the heterogeneity of both of the different types of LH2 and their organisation in the photosynthetic membrane. 33 New experimental techniques are needed in order for denitive data to be obtained that can unequivocally explain the possible benets that this species can obtain by regulating the type of LH2 that is made in response to changing environmental conditions.
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